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Proton NMR spectrOscopy of rabbit renal cortex. High resolution
'H-NMR spectra were obtained from renal cortical slices,
homogenates, isolated cells in suspension, and lysates. Experimental
conditions for acquisition of high resolution spin-echo spectra are
described and assignments of prominent peaks to various metabolites
are given. The in situ activity of the highly active cortical enzyme
prolidase was determined (1.8 nmoles/min/mg wet kidney wt) by
exploiting the marked difference in the spectral features of glycyl-L-
proline and that of the free amino acids. The results suggest that this
NMR method will be applicable generally to the study of hydrolysis of
peptides, as well as to other metabolic processes both in vitro and in
vivo.
Spectroscopie RMN protonique du cortex renal de lapin. Des spectres
'H-RMN a haute resolution ont été obtenues a partir de tranches,
d'homogenats, de cellules isolCes en suspension, et de lysats de
corticale rénale. Les conditions expérimentales pour l'acquisition de
spectres spin-echo a haute resolution sont décrites, et l'attribution des
pics prédominants aux divers métabolites est donnée. L'activité in situ
de Ia prolidase, une enzyme corticale trés active, a été déterminée (1,8
nmoles/min/mg de tissu renal humide), en exploitant Ia difference
marquee entre les caractéristiques spectrales de la glycyl-L-proline et
celles des acides aminés libres. Les résultats suggerent que cette
methode RMN sera applicable généralement a l'Ctude de l'hydrolyse de
peptides, ainsi qu'a d'autres processus métaboliques, aussi bien in vitro
qu'in vivo.
Nuclear magnetic resonance (NMR) techniques have been
used in the direct study of metabolism in intact biological
tissues since 1973 [1]. Until now, studies on kidney using high
resolution NMR [2] and topical magnetic resonance (TMR) [3,
4] techniques have used only the 31P nucleus and thus have been
limited to observation of phosphorylated metabolites or, indi-
rectly, of metabolic pathways, such as glycolysis and sodium
transport, which are closely linked to the generation or utiliza-
tion of these metabolites. In contrast, spin-echo 1H-NMR
spectroscopy has been used to study a very broad range of
metabolic and biophysical parameters in human erythrocytes.
These include amino acid transport [5], glutathione metabolism
[6—8], pH determination [9, 10], and NMR-signal perturbation
by variation in cell volume [11].
We present here the results of the application of high resolu-
tion spin-echo 1H-NMR to rabbit kidney. The purpose of this
study was to provide assignments for prominent resonances in
the 'H-NMR spectrum; these assignments are a prerequisite for
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more detailed studies of metabolic processes in both in vitro
and in vivo. Renal cortex was prepared as slices, homogenates,
suspensions of cells, and as lysates. 'H-NMR spectra of these
preparations were compared and prominent peaks were as-
signed. The high signal-to-noise and adequate dispersion of
peaks in spectra from cortical slices point to the likely useful-
ness of 'H-TMR in the study of human kidney in situ.
We assessed the potential usefulness of the 'H-NMR method
for measuring the activity of enzymes in small samples of renal
cortical tissue, such as might be obtained at renal biopsy. For
this, 'H-NMR was used to assay renal prolidase activity in
cortical homogenates. This ubiquitous enzyme, which is of high
activity in renal cortex, is important in the degradation of prolyl
peptides released during cellular recycling of collagen and,
possibly, complement protein Clq. Prolidase deficiency results
in a syndrome of dermatitis, splenomegaly, recurrent respira-
tory tract infection, and mild mental retardation, as well as
massive imidodipeptiduria [12]. The NMR results indicate the
general applicability of this technique to the study of peptide
hydrolysis in kidney in a manner analogous to the recent
investigations in human erythrocytes [13]. Furthermore, the
high activity of prolidase, in particular, should allow rapid
enzyme assay by 'H-NMR of small quantities of tissue obtained
at renal biopsy.
Methods
Cortical samples of kidneys from mature New Zealand White
rabbits anesthetized with urethane (1.25 glkg i.v.) were used in
all experiments.
Cortical slices and homogenates were obtained from kidneys
that had been perfused selectively in situ for 10 to 15 mm with
Krebs-bicarbonate buffer constituted in D20, pH 7.4, 4°C,
pregassed with Carbogen (02:C02 = 19.1). The kidneys were
kept on ice, decapsulated, and several cortical slices, approxi-
mately 10 x 2 x 2 mm, were placed into an NMR tube (5 mm,
527 PP, Wilmad, Buena, New Jersey, USA). Alternatively, the
slices were weighed, minced, and homogenized (Potter-
Elvehjem, Wheaton, Millville, New Jersey, USA) with two
different volumes of Krebs buffer (1 g/wet weight tissue/i or 4
ml Krebs buffer); then 0.5 ml of these mixtures were placed into
NMR tubes. Some of the 1:4 homogenate was centrifuged to
remove macroscopic tissue fragments (3000 g/5 min!4°C) and
0.5 ml samples of the supernatant were taken.
Cortical tubular epithelial cells were prepared using recircu-
lated collagenase perfusion [14]. Collagenase 0.12% (Class IV,
Worthington, Freehold, New Jersey, USA) and bovine serum
albumin 2% (wt/v) (Fraction V, powder, Sigma, St Louis,
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Missouri, USA) were used, The Hepes buffer used in the
published method was omitted to avoid interfering proton NMR
resonances, After preparation, the cells were washed twice
with Krebs buffer and 0.5 ml samples (cytocrit ca 50%) were
used. Some samples were subjected then to repeated freeze-
thaw lysis in the NMR tubes. Microscopic examination of the
freshly prepared cell suspension in the presence of trypan blue
0.18% (wt/v) showed that over 90% of cells excluded the dye.
The suspensions were found to consist of approximately equal
proportions of free cells and tubular fragments.
All samples were stored at 4°C prior to NMR study (usually
within 1 hr of preparation). Reasonable quality spectra were
obtained also from intact cell samples after I wk of storage.
NMR Spectroscopy. 'H-NMR spectra were obtained at 400
MHz using a 9.4 T NMR spectrometer (Bruker WM400,
Bruker-Physik AG, Karlesruhe-Rheinstetter, Federal Republic
of Germany), operated in the pulsed Fourier transform mode at
37°C using a spectral width of 5 kHz and 8 k of memory. The
number of transients used varied front 128 to 1024 and specific
cases are indicated. An exponential multiplication factor of 1.0
Hz was applied to the data prior to Fourier transformation.
Chemical shifts (b, in ppm) are quoted relative to
tetramethylsilane (TMS) in CC14 present in a small capillary in
the sample tubes. For cortical slices that did not have a
reference capillary, the relative chemical shifts between spec-
tral peaks were compared using the absolute spectrometer
frequency. The inversion-recovery spin-echo pulse sequence
(IRSE), D1-180° - - 90° - - 180° - - AQ [15], was used for
all acquisitions. The values of r1 and r2 were chosen to minimize
the residual 1H2HO peak, as well as to allow interfering
resonances from protein-bound protons to decay to zero (by T1
relaxation). The individual lines of a multiplet-peak are phase
modulated in spin-echo spectra with the result that different
multiplet patterns are inverted or upright depending on both the
basic multiplicity and on r2. It is most convenient to choose a
value of T2 at which the resonance of interest is of maximum
intensity, which corresponds to the magnetization being either
in phase or 180° out of phase with the carrier after time 2T. For
example, a r2 of 0.062s gives resonances that are 180° out of
phase for a doublet with a typical vicinal coupling constant of
8Hz [15]. Values of T2 were initially chosen on the basis of
experience with erythrocyte suspensions [9]. It was found that
2r = 0.l2s was sufficiently long to allow proton resonances
associated with proteins to be eliminated from the spin-echo
spectra. In addition, by progressively increasing r2 it was
observed that maximum signal intensities with predominantly
upright absorption-type peaks (and adequate 'H2HO peak sup-
pression) were obtained with r1 = = 0.06s.
Initial assignments of NMR peaks were suggested by com-
parison with those from human erythrocytes [161! and rabbit
brain homogenates [17]. Superposition (co-resonance) of peaks
was used then to confirm assignments; small aliquots of solu-
tions of known metabolites were added and spectra compared
with those of samples containing no additives.
Results
Spectra from cortical slices and homogenates are compared
in Figure 1; in the former, only three broad resonances are
apparent (apart from that of 'H2HO). Resolution of peaks from
small molecules was enhanced after homogenization or by
preparing suspensions of intact cells (Fig. 2). Diluting the
homogenates and removing large tissue fragments by centrifu-
gation improved resolution further (Fig. 1). Similarly, spectra
from intact cells showed enhanced signal-to-noise following
freeze-thaw lysis (Fig. 2).
Principal peak assignments are indicated on the spectrum
from cells in Figure 2. Corresponding peaks in homogenates are
labelled similarly in Figure 1, where the relationship between
the chemical shifts of these peaks and those seen in cortical
slices is indicated also. In the cortical slices, the two prominent
peaks (a and /3) correspond respectively to the methyl protons
of quaternary N compounds (betaine, choline, choline phos-
phate, and carnitine) and of lactate. Since the protons of the
ergothioneine methyls and the f3-methylene of taurine overlap
those of betaine (peak 1, 3.036 ppm), the former compounds
may contribute also to peak a. A third broad peak (2.0 to 2.3
ppm) corresponds to the glutamate-H and to methyl protons of
pyruvate. There are few resonances at higher frequencies than
4 ppm; these are unassigned.
The progress of hydrolysis of glycyl-L-proline is shown in
Figure 3, where every second spectrum in the time course has
been plotted. The specific intensity of the glycy1-H' peak (Z) in
the first spectrum shown (t = 2.6 mm after mixing) was equal to
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Fig. 1. Inversion-recovery spin-echo 400 MHz 'H-NMR spectra of
rabbit kidney cortex: comparison of cortical slices with homogenates.
128 transients were accumulated for each spectrum, Chemical shifts (8)
are shown relative to TMS (0.000 ppm). Peak assignments are identical
to those in Figure 2. For definition of a and 13, refer to text.
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Fig. 2. inversion-recovery spin-echo 400 MHz 'H-NMR spectra of
rabbit kidney cortex. Number of transients per spectrum: cells, 1024;
lysate 1, 512; lysate 2, 256. The cells and lysate I were prepared in
Krebs buffer in D20, pH 7.4. Lysate 2 was a 12-month-old sample in
Krebs buffer in H20 (stored at —20°C). Peak assignments: A, lactate
methine (3.902); B and N, creatine methylene (3.694) and N-methyl
(2.804); C and J, betaine methylene (3.661) and N-methyls (3.035); D
and V, alanine methine (3.570) and methyl (1.257); E, 0, and S,
glutathione glycyl-methylene (3.527), y-glutamyl y-methylene (2.322)
and $-methylene (1.943); F, I, R, and U, unassigned; G, glycine
methylene (3.331); H, taurine methylene (3.203); K, choline phosphate
N-methyls (2.996); L, choline and carnitine N-methyls (2.975); M,
cysteine methylene (2.9073—2.868); P and T, y-glutamate y-methylene
(2.129) and /3-methylene (1,830); Q, pyruvate methyl (2.142); W, lactate
methyl (1.056—1.104); X, presumed terminal - Cl-I3 and -(CH2-) groups
of free fatty acids.
that of the free g1ycine-H' (G) in the last spectrum (t = 16.5
mm, not shown). Thus, the rate of hydrolysis can be calculated
from either the rate of appearance of product or the decline of
substrate. The rate of hydrolysis was constant over the first
90% of the extent of reaction', giving a value of 7.5 nmoles/s
for the 0.5 ml of supernatant of the 1:4 homogenate.
Discussion
These studies were undertaken principally for the purpose of
assigning prominent resonances in 1H-NMR spectra of renal
cortical preparations. The spectra were collected under condi-
tions of relative anoxia. Although changing 02 tension in
erythrocytes will alter the magnetic susceptibility of the sample
and hence have a small effect on chemical shift, this phenom-
enon is unlikely to occur in renal tissues where oxygen-
dependent paramagnetic centers, for example, heme [181, are in
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Fig. 3. Hydrolysis of glycyl-L-proline (19.2 mM) in supernatant of rabbit
kidney cortex homogenate (1:4) at 37°C. The time after addition and
mixing is indicated in minutes. Inversion-recovery spin-echo 'H-NMR
spectra: 32 transients were accumulated per spectrum (equivalent to 64
per spectrum), and only alternate spectra are shown. Definitions are: Z,
glycyl methylene protons; G, glycine methylene protons; J, betaine.
The specific intensities (areas) of peak Z at 2.6 mm and peak G at 16.5
mm were identical.
much lower concentration. Therefore, we do not anticipate
significant differences in the chemical shifts of resonances in
spectra obtained from samples at higher oxygen tensions, even
though oxygen (02 form) is itsejf paramagnetic.
From Figures 1 to 3, it is apparent that spin-echo 'H-NMR
yields considerable information concerning metabolite levels in
renal cortical preparations. The dominant resonances are those
of lactate and N-methyl compounds, as is the case in spectra
obtained from human erythrocytes [16] and rabbit brain
homogenates [171. Even in cortical slices where confluence of
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resonances results in only three broad peaks in the spectrum,
the prominence of two of these (cs and /3, Fig. 1) suggests that
they will be resolved similarly in spectra obtained at 9.3 T from
intact kidney in vitro or at lower field in intact animals or
humans using TMR. In 'H-NMR studies of intact frog muscle
(at 11.1 T) [18], an increase in size of the lactate peak was
correlated with a decline in pH (detected from a shift to higher
frequency of the carnosine resonances). Thus, simply monitor-
ing the intensity of the lactate peak in intact kidney will yield
information concerning anerobic metabolism and hence about
the state of renal perfusion. It is possible also that other NMR
methods such as the 'jump and return' sequence (9O° -T -
[191 may provide enhanced resolution and shorten acquisition
times of spectra from intact tissues [20].
In contrast to 'H-NMR, studies of intact tissues by using '3C
or 31P NMR normally result in narrow spectral lines. This is
because, in the second case, intrinsic T1 and T2 are longer, the
magnetogyric ratio and hence the sensitivity of '3C and 31P
NMR signals to inhomogeneities of the magnetic field is less
than that of 'H, and dispersion of '3C and 31P resonances over
a much greater chemical shift range allows these resonances to
be seen more readily as separate narrow lines. In contrast, the
ubiquity of 'H in biological molecules results in single-pulse
'H-NMR spectra of cells being dominated by overlapping
resonances from protons in proteins, resulting in a relatively
featureless spectrum [9, 15]. This, of course, is the reason for
using the spin-echo pulse sequence (or variants such as IRSE)
to remove the rapidly relaxing resonances of protons attached
to proteins and thus to enhance the resonances of small, freely
mobile species [9, 15].
The enhancement in the signal-to-noise ratio following cell
lysis or homogenization (and dilution of the homogenates)
results from the increased homogeneity of the magnetic field
following these procedures. The magnetic field gradients pro-
duced whenever particles with a magnetic susceptibility dif-
ferent from that of solvent are present results in signal suppres-
sion when the spin-echo technique is used. The average mag-
nitude of these gradients in suspensions of human erythrocytes
ranged from 0.6 to 2.0 G/cm [11]. Gradients of similar magni-
tude are likely in kidney cell suspensions.
Apart from attenuation resulting from the effect of field
gradients, broad resonances may result also from chemical
exchange of molecules between free and bound forms, for
example, binding to an enzyme. Such exchange-broadening
should still result in broad resonances following dilution of the
sample, in contrast to the results in Figures 1 and 2. In the
intermediate-to-fast exchange limit, the chemical shift experi-
enced by bound and free molecules is averaged; this applies
even when binding is relatively weak, that is, where the bound
fraction decreases with dilution [21]. In contrast, slow exchange
results in discrete narrow resonances for each site, while fast
exchange between two sites results in a single narrow reso-
nance line in the frequency spectrum [21]. Thus, it is unlikely
that species for which narrow spectral lines are obtained in
lysate or homogenate spectra (Figs. 1 and 2) are bound appre-
ciably to macromolecules in the intact cell.
The linearity of the progress of peptide hydrolysis evident
from Figure 3 is consistent with an initial substrate concentra-
tion (19.2 mM) being considerably higher than the reported Km
for prolidase, 4.7 mtvi [22], although admittedly this Km is for
the porcine enzyme. While we have not determined the Km for
the rabbit kidney enzyme, it must be considerably lower than 19
m to be consistent with the observed zero order kinetics. The
observed initial rate of hydrolysis of 7.5 nmoles/s was that of
the supernatant fraction of a 1:4 homogenate which, corrected
for dilution, yields a value of 1.8 nmoles/min/mg wet kidney.
Obviously, this value must be viewed as a lower limit since
correction for adsorption in the pellet was not made. Neverthe-
less, rabbit kidney prolidase activity is comparable to that
reported for human erythrocytes (9.4 nmoles/min/mg protein)
[23]. This 'H-NMR assay method requires only small tissue
samples and clearly is applicable to those obtained at renal
biopsy. Further, the method is applicable generally to studies of
peptide hydrolysis, including that of y-glutamyl peptides such
as glutathione.
Finally, while making the assignments reported here, three
metabolic reactions were observed: the complete hydrolysis by
intact cells of glutathione to glutamate, cysteine and glycine
(presumably catalyzed extracellularly by y-glutamyl trans-
peptidase and aminopeptidase M); the deamination of glutamine
(by glutaminase); and the exchange of deuterated glycine for the
glycyl of glutathione (catalyzed by glutathione synthetase) [61.
Therefore, it is anticipated that a wealth of metabolic informa-
tion will be obtained from application of the 'H-NMR method to
kidney both in vitro and in vivo.
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